Cancer cells adapt to their inherently increased oxidative stress through activation of the glutathione (GSH) and thioredoxin (TXN) systems. Inhibition of both of these systems effectively kills cancer cells, but such broad inhibition of antioxidant activity also kills normal cells, which is highly unwanted in a clinical setting. We therefore evaluated targeting of the TXN pathway alone and, more specifically, selective inhibition of the cytosolic selenocysteinecontaining enzyme TXN reductase 1 (TXNRD1). TXNRD1 inhibitors were discovered in a large screening effort and displayed increased specificity compared to pan-TXNRD inhibitors, such as auranofin, that also inhibit the mitochondrial enzyme TXNRD2 and additional targets. For our lead compounds, TXNRD1 inhibition correlated with cancer cell cytotoxicity, and inhibitor-triggered conversion of TXNRD1 from an antioxidant to a pro-oxidant enzyme correlated with corresponding increases in cellular production of H 2 O 2 . In mice, the most specific TXNRD1 inhibitor, here described as TXNRD1 inhibitor 1 (TRi-1), impaired growth and viability of human tumor xenografts and syngeneic mouse tumors while having little mitochondrial toxicity and being better tolerated than auranofin. These results display the therapeutic anticancer potential of irreversibly targeting cytosolic TXNRD1 using small molecules and present potent and selective TXNRD1 inhibitors. Given the pronounced up-regulation of TXNRD1 in several metastatic malignancies, it seems worthwhile to further explore the potential benefit of specific irreversible TXNRD1 inhibitors for anticancer therapy.
INTRODUCTION
Excessive oxidative stress due to a distorted metabolism and exaggerated replicative drive is a common feature of cancer cells (1) (2) (3) (4) . In both normal and cancerous cells, oxidative stress can be compensated by activation of the nuclear factor (erythroid-derived 2)-like 2 (Nrf2)-activated glutathione (GSH) and thioredoxin (TXN) systems (5, 6) . These systems regulate the cellular amounts of reactive oxygen species (ROS) for control of signaling pathways and growth processes and, together with downstream enzymes, actively scavenge ROS to protect against oxidative cellular damage. In cancer cells, pronounced and prolonged activation of the GSH and TXN systems occurs as a response to their increased oxidative stress phenotype. This response results from constitutive activation of Nrf2 (5) , which aids in establishing a non-oncogene addiction to the GSH and TXN systems for cancer cell survival (7, 8) . The deleterious result of increased antioxidant activity in cancer cells has also been shown through supplementation with exogenous antioxidants, further promoting cancer growth (9) . Earlier studies have shown that concomitant disruption of both the GSH and TXN systems results in an anticancer response (10, 11) ; however, because normal cells also require either the GSH or the TXN systems for survival (12, 13) , it can be difficult to therapeutically target both systems without causing adverse toxicity. Therefore, we wished to address whether sole targeting of the TXN system and, more specifically, irreversible inhibition of only the cytosolic TXN reductase 1 (TXNRD1) can form the basis for anticancer therapy.
The cytosolic flavin adenine dinucleotide oxidoreductase TXNRD1 is a selenoprotein that contributes to a wide range of antioxidant and redox regulatory functions (14, 15) . The enzyme is overexpressed in multiple types of cancer (16, 17) and is suggested to serve as a key driver for cancer cell growth and viability (10) . In addition, high expression of TXNRD1 is directly correlated with poor prognosis in head and neck, lung, and breast cancers (18, 19) . Suppression of TXNRD1 in cancer cells using small interfering RNA-mediated knockdown of the enzyme effectively impedes xenograft establishment in mice (20) , whereas normal adult tissues can survive in the absence of TXNRD1 (12, 13) . Several attempts have thereby been made to develop TXNRD1 inhibitors for cancer treatment (21) (22) (23) . Although efficient TXNRD1 inhibitors having anticancer efficacy have been described, such as ethaselen (23), we are not aware of any study describing specific cytosolic TXNRD1 inhibitors that do not target the mitochondrial system. Analyzing the in vivo effects of specific inhibitors of cytosolic TXNRD1, not inhibiting mitochondrial TXNRD2, would reveal whether it may be sufficient to target the cytosolic TXN system to yield anticancer efficacy. Specific TXNRD1 inhibition should also trigger less toxicity to normal cells.
Note that in addition to their principal mechanisms of action, several clinically used anticancer drugs including cisplatin, carmustine, melphalan, and chlorambucil also inhibit TXNRD1, suggesting that the inhibition of this enzyme may contribute to their therapeutic efficacy (24) (25) (26) . There are also several pan-TXNRD inhibitors used in clinical practice, such as auranofin, which is approved by the U.S. Food and Drug Administration (FDA) for use in rheumatoid arthritis, and arsenic trioxide, which is approved for acute promyelocytic leukemia. These compounds also inhibit mitochondria through the targeting of the mitochondrial isoenzyme TXNRD2 and, furthermore, display multiple TXNRD-independent reactivities (27) (28) (29) (30) (31) . It remains unclear whether cytosolic TXNRD1 inhibition significantly contributes to the clinical efficacy of these drugs or whether such inhibition is merely coincidental. Furthermore, it remains unclear whether targeting mitochondrial TXNRD2 is a prerequisite for the anticancer properties of pan-TXNRD inhibitors or, alternatively, whether this can lead to adverse effects.
As with all mammalian TXNRD isoenzymes, TXNRD1 is sensitive to electrophilic attacks due to a highly reactive, surface-exposed selenocysteine (Sec) residue in its active site (32) . The selenolate of Sec typically has over three orders of magnitude higher reactivity with electrophiles than the thiolate of cysteine (33) , providing a nucleophilic "handle" that may be exploited for targeted specificity in the presence of excess thiols (34, 35) . In addition, some, but not all, inhibitors of TXNRD1 can induce a nicotinamide adenine di nucleotide phosphate (NADPH) oxidase-like gain of function in the protein, producing SecTRAPs (selenium-compromised TXN reductase-derived apoptotic proteins). SecTRAPs may further exaggerate oxidative stress beyond a mere loss of native TXNRD1 activity (36) (37) (38) , providing additional and potentially preferable effects for cancer therapy.
Collectively, the Sec residue in TXNRD1, the ability of the inhibited enzyme to be converted into a pro-oxidant, and its possible importance in cancer cells versus dispensability in normal cells potentially make it a prime candidate for cancer therapy. To thoroughly examine this proposal, we evaluated the selective targeting of TXNRD1 using newly discovered inhibitors and subsequently assessed their anticancer efficacy.
RESULTS

High-throughput screen to identify TXNRD1 inhibitors
A previously validated assay (39) was used to screen 392,548 substances for inhibition of TXNRD1 (PubChem Bioassay ID: 588453, https:// pubchem.ncbi.nlm.nih.gov/bioassay/588453). By assessing the chemical tractability and drug-like nature of 4037 hit compounds meeting preset cutoff requirements including complete titration curves with high inhibitory efficiencies and little activity in other bioassays, we identified 53 structurally diverse TXNRD1 inhibitors suitable for further analyses. The compounds were first validated in a competitive assay against TXN, the principal natural substrate of TXNRD1. Concomitant glutathione disulfide reductase (GSR) inhibition was used as an exclusion criterion because GSR supports the GSH system and is structurally and functionally similar to TXNRD1, although GSR lacks a Sec-containing active site (32, 40) . These experiments helped to identify more specific TXNRD1 inhibitors rather than general inhibitors of flavoenzyme disulfide reductases. Effective and selective TXNRD1 inhibitors were subsequently assessed for cytotoxicity in cancer cell line cultures, yielding two top-candidate TXNRD1 inhibitors, here named TRi-1 and TRi-2 ( fig. S1 ).
Structure-activity relationship of TXNRD1 inhibition
The TRi-1 and TRi-2 compounds represent structurally discrete molecular scaffolds (Fig. 1A) . Analyses of TRi-1 and TRi-2 analogs offered insights into their functional activity profiles (tables S1 and S2). Removal of the nitro group in TRi-1, exemplified with TRi-62 ( Fig. 1A) , rendered the compound inactive with regard to TXNRD1 inhibition (Fig. 1B) . Placement of the nitro group at the para position of the nitropyridine ring and removal of the methoxy group (TRi-55; Fig. 1A ) resulted in a loss of TXNRD1 over GSR specificity (Fig. 1C) . The lack of TXNRD1 inhibition with TRi-62 also resulted in a loss of cytotoxicity toward human FaDu head and neck cancer cells, the human cancer cell and tumor model initially chosen for this study (Fig. 1D ). For TRi-2, saturation of a single double bond (TRi-79; Fig. 1A ) led to a loss of TXNRD1 inhibition (Fig. 1E) , whereas neither TRi-2 nor TRi-79 inhibited GSR (Fig. 1F) . Again, the capacity of inhibiting TXNRD1 (Fig. 1E ) correlated with cancer cell cytotoxicity (Fig. 1G ). These findings prompted us to further examine the properties and anticancer potential of TRi-1 and TRi-2. We also wished to compare their effects with auranofin, a potent pan-TXNRD inhibitor (30, 41, 42) that is FDAapproved for the treatment of rheumatoid arthritis and also evaluated in trials for cancer therapy (see www.clinicaltrials.gov trial numbers NCT01747798, NCT01419691, and NCT01737502).
Mechanistic effects on redox components
The electrophilic propensity of TXNRD1 inhibitors prompted the examination of the ability of TRi-1, TRi-2, and auranofin to interact with additional components of the GSH and TXN systems. We also examined the effects of the compounds on downstream targets of TXNRD1. Preincubation with GSH before exposure to NADPH-reduced TXNRD1 prevented TXNRD1 inhibitory activity for all three compounds, demonstrating their inherent reactivity with nucleophilic moieties such as the thiol of GSH ( Fig. 2A) . Co-incubating increasing concentrations of GSH with TXNRD1 in the presence of NADPH prevented TRi-2 from inhibiting the enzyme, whereas TRi-1 and auranofin were still effective TXNRD1 inhibitors in the presence of excess GSH (Fig. 2B) . When the compounds were incubated in the presence of TXNRD1, NADPH, TXN1, and GSH, only TRi-1 sustained TXNRD1 inhibition (Fig. 2C) . The preferential inhibition of TXNRD1 in the presence of GSH may help to explain how TRi-1, TRi-2, and auranofin can display efficacy in cells despite their high inherent chemical reactivity and rather rapid metabolism in liver microsomes (table S3). A complex reactivity of auranofin with GSH was demonstrated previously, with detection of at least six different reaction products (43) . Here, we performed similar analyses of the products of TRi-1 or TRi-2 upon reaction with GSH, finding that TRi-1 only forms one major adduct with GSH, whereas TRi-2 conjugation with GSH results in two separate products ( fig. S2 ).
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Further considering the specificity of TRi-1, we compared auranofin with TRi-1 in inhibition of TXNRD1 over TXNRD2. This showed that TRi-1 displayed about 5-to 10-fold higher specificity for TXNRD1 compared to inhibition of TXNRD2 (Fig. 2D and fig. S3A ), whereas auranofin was confirmed as a pan-TXNRD inhibitor (Fig. 2E and fig.  S3B ). The compounds were also tested for their ability to inhibit glutathione peroxidase 1 (GPX1). GPX1 uses reduced GSH for the conversion of H 2 O 2 into water and, like TXNRD1, is a Sec-containing enzyme (44) . When preincubated with GPX1 in the absence of GSH, high concentrations of auranofin yielded moderate inhibition of the enzyme as did TRi-1, but to a lesser extent (Fig. 2F) . However, these compounds were over 1000-fold less efficient in inhibiting GPX1 than in inhibiting TXNRD1 (Fig. 2, D to F) .
TRi-1 and TRi-2 inhibited cellular TXNRD activity with equal or greater potency compared to that of auranofin ( Fig. 2G and fig. S4 ). TRi-1 treatment also had no effect on cellular GSH concentrations, whereas doses of TRi-2 and auranofin at 10 times the median inhibitory concentration (IC 50 ) for the respective cell line lowered GSH (Fig. 2H ). Both TRi-1 and TRi-2 efficiently activated c-Jun N-terminal kinase (JNK) and p38 phosphorylation (Fig. 2, I to L), which is an expected downstream effect of increased signaling through apoptosis signaling kinase that is inhibited by reduced TXN1 (45) . Auranofin, however, did not activate JNK and p38 phosphorylation as robustly under the same conditions (Fig. 2, I to L). Collectively, the differential reactivity profiles with recombinant enzymes, GSH, and cellular redox pathway effects present TRi-1 as the most selective inhibitor of cytosolic TXNRD1.
Conversion of TXNRD1 from an antioxidant to a pro-oxidant enzyme
The mechanisms of TXNRD1 inhibition were investigated in greater detail. TRi-1, TRi-2, and auranofin were all found to irreversibly inhibit TXNRD1 in an NADPH-dependent manner (Fig. 3A) . Irreversible inhibition occurs with several inhibitors of TXNRD1, typically via covalent modification of its Sec residue (46) . NADPH-reduced TXNRD1 is less thermostable than the oxidized enzyme, but its stability was increased upon incubation with TRi-1, although not with TRi-2 or auranofin ( fig.  S5 ). This observation reinforces our proposal that these compounds have different reaction mechanisms toward TXNRD1, as was also seen with their different reactivities with GSH.
After the normal enzymatic activities of TXNRD1 had been inhibited with TRi-1 or auranofin, it still maintained substantial NADPH-dependent redox cycling with juglone ( Fig. 3B) , indicating formation of pro-oxidant SecTRAPs (36, 37) . TRi-1 or auranofin consequently increased cellular H 2 O 2 production, whereas TRi-2 did not have SecTRAP-forming characteristics and did not further accelerate cellular H 2 O 2 production (Fig. 3, C and D) . This differential H 2 O 2 production occurred despite TRi-1 and TRi-2 inhibiting cellular TXNRD1 activity to an equal or greater extent as auranofin (Fig. 2G and fig. S4 ), connecting the increased cellular H 2 O 2 production to a gain of function through formation of SecTRAPs and not only the loss of cellular TXNRD activity. The observed exaggerated cellular generation of H 2 O 2 could, however, not be ruled out as an off-target effect on mitochondrial function, especially because auranofin is known to target mitochondria (29, 47) . We confirmed that auranofin severely impairs mitochondrial function in cultured cells, causing deteriorated ATP (adenosine 5′-triphosphate)-coupled respiration and impaired maximal respiratory Results are shown as the averages of three experiments performed in triplicate (n = 3), and differences were compared to vehicle using an unpaired t test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
capacity after both short and long exposure times (Fig. 3, E and F) . TRi-2 also decreased basal respiration rates and maximal respiratory capacity, though to a lesser degree than auranofin, whereas TRi-1 lacked effects on basal respiration and had little effect on maximal respiratory capacity (Fig. 3, E and F) . These results confirm that TRi-1 triggers increased cellular production of H 2 O 2 through transformation of inhibited cytosolic TXNRD1 into pro-oxidant SecTRAPs, whereas the cellular effects of auranofin are not solely driven through cytosolic TXNRD1 inhibition.
TXNRD1 inhibitor cytotoxicity toward cancer cells
Because of the diverse mechanistic effects of the three compounds, we assessed their potencies in cytotoxicity toward cancer cells. TRi-1 was tested for its cytotoxicity profile against the NCI-60 cell panel and compared to TRi-2 and auranofin, which had been screened previously [https://dtp.cancer.gov, NSC351105 (TRi-2) and NSC321521 (auranofin)]. TRi-1, TRi-2, and auranofin all displayed potency against every cell line tested, with an average growth inhibition to 50% of 6.31, 4.14, and 0.76 M, respectively (table S4) . It has been shown that cytotoxicity correlations between compounds over the NCI-60 cell panel can indicate similar mechanisms of action (48) . When comparing TRi-1, TRi-2, and auranofin, we found that TRi-1 and auranofin display the least similarity in cytotoxicity profiles ( fig. S6 ). This is in agreement with the mechanistic evidence from the biochemical and cellular studies above, which differentiate the compounds from each other and identify TRi-1 as the most specific inhibitor of cytosolic TXNRD1.
In side-by-side comparisons of cytotoxic potency using a selection of human cancer cell lines, TRi-2 and auranofin were on average more potent than TRi-1 (Fig. 4, A to C) . Colony-forming assays with human FaDu cells also showed that auranofin was more cytotoxic than TRi-1 ( fig. S7 ). We saw no apparent resistance to any of the three compounds upon altered p53 status or BCL-2 overexpression, as assessed using subclones of human colon carcinoma HCT116 cells (Fig. 4, A to C) . The broad-range efficacy over the NCI-60 cell panel (table S4 ) and minor effects of p53 and BCL-2 status suggest that cancer cell genotype has little influence on the efficacy of these compounds. Such genotype-independent cytotoxicity should be expected if the mechanisms of action are based on exaggerated oxidative stress (4, 49) and therefore target an important mechanism of nononcogene addiction (7, 8) . Depleting cells of GSH using buthionine sulfoximine (BSO), an irreversible inhibitor of -glutamylcysteine synthetase, enhanced the cytotoxicity of the compounds ( fig. S8) , which further supports the notion that the mechanisms of cytotoxicity of TRi-1, TRi-2, and auranofin involve sensitization of the cancer cells to oxidative stress.
By comparing the cytotoxic effects of TRi-1, TRi-2, and auranofin between noncancerous mouse embryonic fibroblasts (MEFs) and human A549 lung adenocarcinoma cells, which express excessively high amounts of TXNRD1 (50), we found that TRi-2 and auranofin were similarly cytotoxic toward these two cell types, whereas TRi-1 was preferentially toxic toward the A549 cells (Fig. 4, D and E) . MEFs with the Txnrd1 gene deleted (51) displayed additional resistance to TRi-1 treatment, whereas TRi-2 and auranofin sensitivity was minimally affected (Fig. 4, D and E) . In further examinations of the toxicity of the compounds to noncancerous cells, both TRi-1 and TRi-2 showed reduced potency against primary human fibroblasts, primary keratinocytes, and CCD841 colon epithelial cells, whereas auranofin only displayed lower potency against the CDD841 cells when compared to the previously tested cancer cell lines (Fig. 4, G to I ). These observations strengthen the idea that TRi-1 mainly exerts its cytotoxic mechanism of action through cytosolic TXNRD1 inhibition and that cancer cells display increased sensitivity to such inhibition.
Anticancer efficacy and minimal toxicity in mice
We next examined the in vivo activities of TRi-1 and TRi-2 using dose escalation studies in mice. Very good tolerance was observed up to the highest administrable dose in terms of solubility, yielding TRi-1 (10 mg/kg) or TRi-2 (15 mg/kg) given intravenously, without any overt signs of toxicity over a 72-hour observation period. Severe combined immunodeficient (SCID) mice bearing established human FaDu cell xenografts were subsequently treated twice a day intravenously with TRi-1 (10 mg/kg), TRi-2 (15 mg/kg), or auranofin (10 mg/kg), as a repeated high-dose toxicity study with tumor-bearing mice. This resulted in decreased tumor growth compared to vehicle controls within 4 days (Fig. 5A ) with no signs of overt toxicity or changes in mouse weight relative to vehicle control ( fig. S9) .
Positron emission tomography (PET), using [2-
F]-FDG) to reflect viability through glucose uptake, was next performed to assess TRi-1 antitumor efficacy with a clinically relevant diagnostic method (Fig. 5B) (52) . Here, each mouse served as its own baseline control over the course of treatment (Fig. 5C ). The (Fig. 5D ). In the individual PET images, many of the tumors in the TRi-1-treated mice also displayed a very low radiotracer uptake in their central regions (Fig. 5, C and E). It should be noted that these lower-uptake tumor cores were not included in the [ 18 F]-FDG uptake quantitation (Fig. 5D) , avoiding exaggeration of the effects of TRi-1. The lower [ 18 F]-FDG uptake in the tumors of the TRi-1-treated group could represent a combination of metabolic effects and increased cell death, which was subsequently supported by increased staining for activated caspase-3 between days 3 and 4, as evaluated in sections of the excised xenograft tumors (Fig. 5F ).
We next evaluated the anticancer efficacy of TRi-1 and auranofin in a longer-duration experiment using PyMT-MMTV mice that spontaneously develop malignant breast cancer tumors (53) . With a 3-week low-frequency dosing regimen of intraperitoneal treatment twice a week, TRi-1 (5 mg/kg) and auranofin (10 mg/kg) both impaired tumor growth in this model (Fig. 6, A to C) . A waterfall plot analysis demonstrates that all the largest tumors belonged to the vehicle group (Fig. 6D) , and the tumor volumes of both the TRi-1 and auranofin treatment groups were significantly smaller compared to the vehicle controls (P < 0.05) but were not significantly different from each other (Fig. 6E) . All mice in the TRi-1-treated group survived during the time of observation, whereas two mice in the vehicle group and two mice in the auranofin group had to be sacrificed due to poor health.
Attempting to further increase the anticancer efficacy of auranofin, some PyMT-MMTV mice were treated in combination with BSO. However, this combination was lethal to the mice after the first round of administration and was therefore discontinued (table S5) . This lethality likely reflects the dependence of normal cells upon GSH in the absence of TXNRD activity, further confirming the notion that at least one of the two cellular antioxidant pathways needs to be functional for survival of normal cells and tissues (12, 13) .
Finally, we analyzed the comparative efficacy of TRi-1 administered intravenously versus intraperitoneally. For this, we used a third tumor model with xenografts of the human breast cancer cell line MDA-MB-231 inoculated orthotopically into the mammary fat pads of athymic mice (Fig. 6, F to H) . Again, no signs of overt systemic toxicity of TRi-1 were observed, and mouse weights did not significantly differ between the groups ( fig. S10) . A waterfall plot analysis of the final tumor volumes illustrates that the smallest tumors were found in the two TRi-1 treatment groups, with one tumor in the TRi-1 intraperitoneal group completely regressing during the experiment (Fig. 6I) . Tumor growth in both of the TRi-1 treatment groups was significantly decreased compared to the vehicle controls (P < 0.0001) but did not significantly differ from each other (Fig. 6J ).
DISCUSSION
The results described here demonstrate that the drug-mediated, irreversible inhibition of cytosolic TXNRD1 can yield anticancer efficacy without overt systemic toxicity. This was exemplified with a specific inhibitor of TXNRD1, TRi-1. Cytosolic TXNRD1 inhibition with TRi-1 provoked cytotoxicity toward cultured cancer cells essentially independent of genotype, likely because TXNRD1 supports a non-oncogene addiction of cancer cells by protecting against their inherently increased oxidative stress. The anticancer efficacy of TRi-1 in mouse tumor models is consistent with the idea that TXNRD1 is important for cancer cell growth in vivo, and the lack of overt systemic toxicity suggests that the enzyme can be dispensable for overall viability and function of normal adult noncancerous tissues. 
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Distinguishing between TXNRD1 inhibition and inhibition of other components of the GSH and TXN pathways was a crucial step in our compound selection process. If the counter screen for omitting dual GSR and TXNRD1 inhibitors had not been performed, then several compounds with broad, nonselective inhibition of flavoprotein pyridine nucleotide oxidoreductases would have been included. The comparisons in mechanisms of action and cellular effects revealed a rather promiscuous activity of auranofin. Our results show that in addition to auranofin having TXNRD1 inhibitory activity, the gold compound cross-reacts with multiple components of both the GSH and TXN pathways and, importantly, disrupts cellular function independent of its inhibition of TXNRD1. Recent claims have stated that simultaneous targeting of both the TXN and GSH systems might yield synergistic effects in cancer treatment (10) . However, as reasoned above and accentuated through the nonspecific activity of auranofin, care must be taken to avoid the risk of excessive toxicity to healthy cells and tissues. This caution should be emphasized, because we found that mice died after receiving a combination of BSO (to inhibit GSH synthesis) and auranofin. Lower doses of BSO and auranofin have been combined for partial inhibition of the TXN and GSH pathways, and such dual treatment indeed results in inhibited cancer cell growth (54), but we suggest that effective inhibition of only cytosolic TXNRD1 can be a superior alternative therapeutic principle that maintains anticancer efficacy with lower risks for toxic side effects.
In certain cases of TXNRD1 inhibition, the enzyme may be converted from antioxidant into pro-oxidant SecTRAPs, as seen with TRi-1. SecTRAPs were previously studied using recombinant enzyme and cellular model systems (37, 38) , whereas our study correlated SecTRAP formation with increased production of cellular H 2 O 2 . Our results suggest that oxidative stress can be exaggerated in cancer cells through the combination of inhibiting cellular antioxidant activities and actively increasing H 2 O 2 production through a single drug target. Furthermore, because formation of SecTRAPs in cells seemed to be triggered by TRi-1 without strong effects on mitochondrial respiration, these results also support the idea that selective inhibition of cytosolic TXNRD1 is sufficient to yield anticancer efficacy. Auranofin has been previously shown to exert pronounced effects in the mitochondria (29, 47) , which is in line with our results. The efficacy of TRi-1 suggests that such mitochondrial targeting is not necessarily required for anticancer efficacy and is not a necessary consequence of inhibiting cytosolic TXNRD1. A side-by-side comparison of the effects of TRi-1 with those of auranofin is given in table S6. Considering the results of our studies and the fact that a range of clinically used anticancer compounds have TXNRD1 inhibitory activity as a part of their mechanisms of action, we suggest that specific targeting of cytosolic TXNRD1 is a pertinent anticancer therapeutic principle that should be further evaluated.
MATERIALS AND METHODS
Study design
The aim of this study was to search for small-molecule inhibitors of TXNRD1 and examine whether such inhibitors could serve as anticancer drug candidates. We used a reverse chemical genetics approach, examining 392,548 substances. Subsequently, the drug-like nature and specificity of inhibitory compounds were assessed as additional selection criteria. A specificity profile of TXNRD1 inhibitors was determined through the analysis of cross-reactivity with other redox-active and ROS-regulating cellular components. The most potent and specific TXNRD1 inhibitors discovered in the high-throughput screen were then examined for their potential efficacy in cell culture and animal models and benchmarked relative to auranofin. All animals in these studies were randomized into control or treatment groups. Animal caretakers involved in treatment of animals, animal observations, and tumor measurements by caliper were not involved in summarizing or analyzing the results. The numbers of replicates differed between experimental sets and are stated in the figure legends. No power analyses were performed before commencement of any of the studies. Statistical analyses of animal treatment results were performed under the guidance of an experienced expert in statistics from Charles River Laboratories.
High-throughput screen for inhibitors of TXNRD1
The assay used in the high-throughput screen was described previously in a validation study using the LOPAC 1280 library, identifying protoporphyrin IX as an inhibitor of TXNRD1 (39) . For further details, see Supplementary Materials and Methods.
Recombinant enzyme assays TXNRD1 and GSR recombinant enzyme assays were performed in a reaction buffer containing 50 mM tris (pH 7.5) with 2 mM EDTA and bovine serum albumin (0.1 mg/ml). Assays were performed in triplicate using 96-well plates, with activity inferred from absorbance changes using a Spectra Max plate reader. All compounds were dissolved in dimethyl sulfoxide (DMSO). Recombinant rat TXNRD1 (21 U/mg) was used in all follow-up screens except for the comparison of TXNRD1 versus TXNRD2, where human recombinant enzymes were used. TXNRD1-based assays were adapted from 1-ml cuvette protocols (55) . Results of the recombinant enzyme assays were normalized to DMSO and to no-enzyme controls. For details of all assay conditions, see Supplementary Materials and Methods.
Cell culture
Cell cultures were maintained at 37°C in 5% CO 2 in a medium containing penicillin/streptomycin (100 g/ml), 2 mM l-glutamine, and 10% fetal bovine serum (FBS) (GE Healthcare, A15-102). Experiments were performed in triplicate in a medium containing 10% FBS and 25 nM sodium selenite. All compounds were diluted in DMSO, 0.01% final concentration. For choice of medium and further details, see Supplementary Materials and Methods.
Single-dose and repeated-dose in vivo toxicity
Fox Chase male SCID (Charles River, #250) mice were treated once with TRi-1 (0.7 to 10 mg/kg) or TRi-2 (0.5 to 20 mg/kg) via intravenous injections, and mouse health status was observed for up to 72 hours at the Adlego AB facility in Stockholm, Sweden. For repeateddose toxicity studies with tumor-bearing animals, mice were first inoculated with 1 × 10 6 FaDu cells in phosphate-buffered saline at a preshaved region located at the anterior lateral thoracic wall (also performed by Adlego AB). After 13 days of growth, tumors were measured by calipers, and treatments were initiated. Mice were injected with TRi-1 (10 mg/kg), TRi-2 (15 mg/kg), auranofin (10 mg/kg), or vehicle a total of nine times during a 5-day span via intravenous tail injection. Upon the final day of dosing, injections were performed subcutaneously due to hematomas in several of the mice at the tail injection site. Mouse health status was monitored daily, weight was measured, and tumor volume was recorded from caliper measurements.
PET xenograft studies
Male SCID mice were inoculated with 1 × 10 6 FaDu cells. On the day of baseline imaging, after 11 days of tumor growth, food was removed from the cages. Mice were anesthetized using isoflurane (initially 5%, then 1.5% blended with 3:2 air/O 2 ), controlled by an E-Z anesthesia vaporizer delivered through individual Microflex non-rebreathing masks (Euthanex Corporation), and placed on a heating pad at 37°C on the bed of a MicroPET Focus 120 camera (CTI Concorde Microsystems).
[ 18 F]-FDG was obtained as an aliquot from the daily production for the clinical PET at the Karolinska University hospital that had passed all quality requirements for administration in humans and was administered via an intravenous tail vein injection. After baseline PET scanning, mice were treated with TRi-1 (5 mg/kg) or vehicle by intraperitoneal injection once daily. On day 3 of treatment, mice were again injected with [ 18 F]-FDG and imaged by PET. The PET data were acquired every second from the time of injection until 60 min after injection, in full three-dimensional mode. Images were reconstructed by standard two-dimensional filtered back projection using a ramp filter. Data were processed with MicroPET Manager and evaluated using Inveon Research Workplace (Siemens Medical Solution) software. Data were corrected for dead time, decay, and randoms, and steady-state uptake was included for analysis from 30 min until the end of data acquisition (56) . The minimum tumor diameter for inclusion was 3 mm, with a minimum threshold set at 1.8 × 10
5 Bq/ml to minimize partial volume effects (56) . Regions of interest were drawn applying the set threshold of 1.8 × 10
5 Bq/ml. [
18 F]-FDG uptake was quantitated as a standard uptake value mean distribution over the imaged tumor. Regions of treated tumors with radiotracer uptake below 1.8 × 10
5 Bq/ml were not included in the analysis. All PET images were created using the same color scheme and intensity range. Day 0 to day 3 image comparisons were set to the same zoom and captured at the most proximal position within the tumor. Mice were euthanized on day 3 or day 4 by cervical dislocation under continued anesthesia.
PyMT-MMTV tumor low-frequency drug dosing studies
PyMT-MMTV mice were genotyped at 6 to 8 weeks for the polyoma virus middle T antigen for inclusion into the study. Mice confirmed as transgenic were treated twice a week via intraperitoneal injection of TRi-1 (5 mg/kg), auranofin (10 mg/kg), or vehicle. Treatments involving 12.5 mg of BSO in saline (50 mg/ml) via intraperitoneal injection were administered to mice alone (n = 3) or 6 hours before treatment with auranofin (n = 3). Tumor volume was determined using caliper measurements.
MDA-MB-231 xenograft efficacy studies
These experiments were performed on a service contract by Charles River Laboratories. In short, athymic nude mice were orthotopically inoculated with 5 × 10 6 MDA-MB-231 breast cancer cells into the mammary fat pad and randomized for treatment when tumors reached an average volume of 80 to 120 mm 3 (n = 12 in each group). Mice were treated with TRi-1 (10 mg/kg) via either intravenous or intraperitoneal injection, or with vehicle via intravenous injection, once a day for the first 5 days, then 2 days off treatments, and thereafter three times per week for 2 weeks. Mouse health status was monitored, weight was measured, and tumor volume was assessed using caliper measurements.
Ethical considerations
Studies were performed in accordance with national legislation on laboratory animal protection, and all the animal experiments that we performed were approved by the regional ethical vetting board (Regionala Etikprövningsnämnden) in Stockholm, Sweden. The dose escalation study was performed at Adlego AB under approval no. N476/11, and the repeated-dose toxicity study with xenografts was performed at Adlego under approval no. N447/12. The PET study was performed under approval no. N416/12, and the PyMT-MMTV mouse study was performed under approval no. N178/13. The MDA-MB-231 xenograft experiments were performed by Charles River Laboratories following the animal policies of the Office of Laboratory Animal Welfare, assurance number #A4358-01.
Statistical analyses
For the cellular depletion of GSH using BSO, doses of each compound were compared between BSO-and no-BSO-treated cells. Differences in mitochondrial respiration were analyzed for each treatment, compared to their respective control. These cellular experiments were performed in triplicate and analyzed using an unpaired t test. The growth of FaDu cell tumor xenograft studies was normalized to day 0 caliper measurements, and the effects of TRi-1 (n = 6) and auranofin (n = 5) treatments were compared to vehicle (n = 3) using repeatedmeasures analysis of variance (ANOVA) with Tukey's multiple comparison posttest. Changes in [ 18 F]-FDG uptake were determined by comparing day 3 to day 0 using individual mouse baseline matched pair analysis, and statistical significance was determined using a paired t test for vehicle (n = 9) and TRi-1 (n = 8). In the PyMT-MMTV studies, a minimum of four mammary glands on each mouse were palpated, measured for tumor size using calipers, and then averaged together. Averaged mammary gland volumes were grouped by treatment and compared using an ordinary ANOVA with Tukey's multiple comparison posttest for TRi-1 (n = 6), auranofin (n = 6), and vehicle (n = 5). MDA-MB-231 xenograft tumor growth was measured using calipers, grouped by treatment, and compared on every measurement day using a two-way ANOVA with Tukey's multiple comparison posttest (n = 12 in each group).
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